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The ability to scale device sizes to below a micrometre, the world of nanotechnology, has led to the observa- 
tion of unexpected physical phenomena and to the creation of an entirely new class of devices. Using sophis- 
ticated growth, lithographic and etching techniques it is now possible to fabricate devices with tailored band 
structures and, consequently, tailored electronic and optical properties. This article provides an elementary 
introduction to this new technology, providing a flavour of its current capabilities and future expectations. 
N anofabrication and nano- physics (the nanometre world is considered to be 
< 100 nm) have both generated con- 
siderable interest during the last 
decade largely due to the demand 
from the electronics industry for 
higher and higher integration. 
The epitaxial growth tech- 
niques, such as molecular beam 
epitaxy (MBE) and metal-organic 
v&pour phase epitaxy (MOVPE), 
are crucial to low dimensional 
structures and devicesThe growth 
of thin layers is, however, only a 
first step in the realization of a low 
dimensional structure.To fabricate, 
for example, quantum wires (one- 
dimensional systems) and quantum 
dots (zero-dimensional systems) it 
is necessary to define lines or dots 
in the thin layer. The minimum di- 
mensions of these structures must 
be of the same order as the layer 
thickness, i.e. 100 a, if quantum 
size effects are to be observed.The 
definition of such small structures 
can be achieved using the tech- 
nique of lithography. 
Lithography 
In the electronics industry lithogra- 
phy is the most universal circuit 
process and is of great influence in 
determining the rate at which de- 
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Figure 1. A schematic diagram showing the processing steps required to fabricate a metal wire. 
The smallest dimension of the 
structures, usually set by the width 
of metal electrodes, is limited by 
the wavelength of the radiation. 
The source of radiation most wide- 
ly used in the manufacture of KS is 
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vices are miniaturized. The reduc- 
tion in circuit size already achieved 
has had three major benefits: a 
sharp decrease in the cost of cir- 
cuits; a sharp increase in the speed 
with which logic operations can 
be performed; and. lower power 
consumption. 
The principle behind most of 
the processes for transferring a pat- 
tern (i.e. microfabrication tech- 
niques) to semiconductors have the 
same basic steps @igure 1). 
Formation of the appropriate pat- 
terns requires the use of a radiation 
sensitive material called a resist.The 
substrate (for example GaAs wafer) 
is first coated with a thin layer of re- 
sist.A pattern is impressed in the re- 
sist by shining ultraviolet gn? light 
or some other kind of radiation on- 
to it. The resist is then developed 
with a solvent which selectively re- 
moves the resist either from the ex- 
posed areas (positive resist) or from 
the unexposed areas (negative re- 
sist).The remaining resist layer then 
serves to protect the surface during 
processes such as doping. metal 
evaporation and several others. In 
the final step the resist pattern is re- 
moved by means of another chemi- 
cal tredtment.A typical IC requires 
the use of many cycles of resist 
coating, exposure, development, 
doping, and resist removal. 
Figure 2. This tiny world map has a total 
dimension of l/7000 mm with the scale, 
therefore, I :40 000 000 000 000. It has 
been fabricated using an SEM fitted with a 
simp/e attachment for e-beam lifhography 
(courtesy of Nikolaichik and Kordos. 
Chernogolovka lnsfifufe of 
Microelectronics, Russia). 
light of wavelengths 350450 nm. 
This wavelength of the IJV radia- 
tion produces lines of about 1 mm. 
If one tries to make lines thinner 
than 1 mm, the radiation projected 
through the mask starts to give rise 
to a diffraction pattern consisting 
of :I series of lines rather than one 
line. To reduce diffraction effects. 
the latest methods involve shorter 
wavelength radiation such as soft 
X-rays. electrons and ions. These 
techniques are capable of produc- 
ing extremely fine features. With 
electron beam exposure many’ lab 
oratories have demonstrated the 
feasibility of submicrometre resolu- 
tion and features sizes of X0 A have 
been produced under optimal con- 
ditions. Electron beam lithography 
offers the additional advantage of 
imaging by computer-aided direct 
writing rather than using a mask. as 
in optical lithography X-ray lithog- 
raph~~ also offers the advantage of 
much higher resolution than opti- 
cal processes. However, it must be 
applied via the wual mask expo- 
sure method because X-rq~ cannot 
be focused and deflected to form 
the desired pattern. 
SEM-based EBL 
Electron beam lithography (EHL) is 
already ;L well-known technique in 
the world of microelectronics. It 
provides an effective, if costl); solu- 
tion for producing the smallest 
electronic devices (transistors. 
memories), when other patterning 
techniques run out of steam (e.g. 
optical lithography) or are not flex- 
ible enough for general use (e.g. X- 
ray lithography). The possibility to 
generate structures ‘in-house’ with- 
out going to external sources has 
been a luxury only the largest cor- 
porations or universities could af- 
ford. Even when a production 
e-beam is available. the time allo- 
cated for research work can some- 
times be limited. Those with the 
need for these small devices are 
now realizing there is a new wq 
to get the most from their scan- 
ning electron microscope (SEM) 
(see Figure 2), scanning tunnelling 
microscope (STM) or atomic force 
microscope (AFM). 
The SEM has become a versatile 
tool for inspection and measure- 
ment for the semiconductor indus- 
try. The SLM has only been in 
production since the carly-to-mid- 
l%Os, and it was not until about 
1968 that the first SEM became 
commercially available. Early StlM 
were used primarily for picture 
taking and not for nanofabricatioii 
purposes. In SEM the wavelength 
of the electron is much smaller 
than the feature sizes of interest in 
electronic devices and circuits.The 
electron wavelength is about 0.4 A 
at a beam energ)’ of 1 kV and even 
smaller at higher beam energies. 
The electron diffraction effects at 
the sample are therefore negligible 
for features with dimensions of 
0.1 mm and larger. 
Since the mid-1980s a (;erman 
company has been pioneering the 
conversion of an)’ SEIM into an e- 
beam writer.The electron optics of 
an SEM are specifically designed 
for high resolution, an attribute 
ideally suited to EHL, especially at 
the lowest dimensions. 
In the recent past basic systems 
were available which could control 
the e-beam and write simple pat- 
terns. The current generation of 
SEMs is not only the perfect basis 
for high resolution EHI, but. in addi- 
tion, due to the improved per- 
formance, ease of use and compati- 
bility with external beam control- 
ling systems, commercial SEM based 
e-beam systems have been able to 
further improve the sophistication 
of their operation. As a conse- 
quence, a multitude of new applica- 
tion fields are now possible. 
In principle, the pattern is first 
designed using software either b!r 
graphical or digital means.The pat- 
tern information is then trans- 
ferred to the electronics, which 
decodes and converts it into an 
analogue signal and presents it to 
the external X.Y deflection coils of 
the SEM. The system then steers 
the beam across the sample. writ- 
ing the pattern within the selected 
field of view. ‘I’he writing field size 
depends on the selected magnifica- 
tion of the SEM. Since the required 
input voltage for full scale deflcc- 
tion in X and ‘I’ does not change 
with magnification, the conse- 
quence is that extremely small 
structures can be exposed. 
Selected applications 
As an SEM can easily be tuned for 
both high and ‘low’ resolution 
Figure 3. (a) Low magnificafion view of fhe 
split transistor gate. (b) defall view of the 
split metal gate (30 nm gap) (courtesy of 
J.Nieder, Max-P/an& Institute. Germany). 
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Figure 4. (a) %gate HEMT structure (cour- 
tesy of J. Plauth, University of Munich, 
Germany), (b) detail view of a T-gate HEMT 
structure (courtesy of W. Patrick, 
Laboratory for Electromagnetic Fields and 
Microwave Electronics, Germany). 
work, many workers have seen 
that the flexibility with current 
SEM-based EBL systems gives 
them a new role in prototyping 
and research level semi-produc- 
tion applications. 
SEM-based EBL has become a 
suitable tool for performing almost 
all types of research based, mi- 
cropatteming applications. Its main 
benefits are the flexibility, ease of 
operation and low cost of invest- 
ment and ownership.Applying SEM 
technology, the minimum feature 
size can be scaled down to well be- 
low the 100 nm range, making this 
approach ideal for all R&D work in 
the upcoming nanotechnologies. 
The main target applications for 
this tool are as follows: 
l Nanolithography: Mesoscopic 
(e.g. Josephson junctions) and 
quantum devices fabrication 
(e.g. single electron devices); 
l Small scale photomasks for 
R&D purposes e.g for monolith- 
ic microwave integrated cir- 
cuits (MMICs); 
Integrated optics devices e.g. 
beam splitters, gratings, direct 
feedback lasers and wave- 
guides; 
Direct writing applications for 
III-V and II-VI compound semi- 
conductor device fabrication. 
Fully automated Mix and Match 
operations in combination with 
optical lithography steps on 
chip and wafer scale. 
Two-dimensional electron gas 
(2DEG) systems have already been 
used as transistors channels in 
GaAs high electron mobility tran- 
sistor (HEMT) structures. If a split 
metal gate is placed on top of such 
a 2DEG, the electron can be con- 
centrated within a small one-di- 
mensional channel below the gap 
by applying a negative threshold 
voltage. If the channel is short 
compared to the free path of the 
electrons, the result is a ballistic 
transistor.The width of the channel 
and thus the transistor characteris- 
tics can be tuned by variation of 
the gate voltage (see Figure 3). 
It is possible to place patterns 
on top of one another or next to 
other structures. The alignment in 
this case is achieved by using the 
imaging capabilities of SEM and the 
PC to make the position corrections 
to the steering signal before writing 
begins. A striking example of this 
type of alignment is encountered in 
the manufacture of HEMTs, in 
which there is a need to align the 
gate level to the ohmic layers (see 
Figure 4).This demonstrates the so 
called Mix & Match process, in 
which optical lithography and 
EBL, used for its superior resolution 
capability, are combined for device 
manufacture. 
Metal drops of submicroscopic 
size absorb visible light due to 
electron-plasma resonances. These 
kind of films are very interesting 
both from the physical and from 
the technological point of view. 
The shape of the absorption curve 
and its spectral position can be in- 
fluenced by the particle shape and 
the geometry on the substrate. In 
practical operation such films are 
produced by metallizing thin 
masks made in the nanolithograph- 
ic poly(methy1 methacrylate) (PM- 
MA) technique. During the 
following lift-off process the mask 
is removed so that only the parti- 
cles remain (see Figure 5). 
Zone plates are circular gratings 
with radially increasing line densi- 
ty which allow focusing of X-rays. 
The imaging with zone plates of 
zone numbers of more than 100 
obeys the same laws as imaging 
with thin refractive lenses. Current 
and future development of X-ray 
microscopy depend on improve- 
ments in the design of narrow 
linewidth zone plate objective 
lenses, yielding enhanced spatial 
resolution, mdiation collection and 
X-ray diffraction efficiency. Such 
narrow linewidth zone lenses can 
be generated by SEM-based EBL as 
shown in Figure 6. 
Nanofabrication 
Recently new technologies have 
emerged to fabricate nanostruc- 
tures. The two major contestants 
are STM and novel growth tech- 
niques (including growth on pat- 
terned substrates, cleaved-edge 
overgrowth and self-organization 
growth). 
Currently, there is an intense ef- 
fort in the scientific community di- 
rected towards the development of 
STM as a technique for the fabrica- 
tion of nanostructures in a desired 
and well-controlled way. Surface 
modifications by STM, i.e. nanofabri- 
cation, producing nanostructures 
have been reported using several 
different approaches, including: (i) 
plasma deposition of metals using 
organometallic gases; (ii) deposition 
of material from the tip itself on a 
surface; (iii) exposing resist films to 
an electron beam by applying high 
voltages between the tip and the 
substrate; (iv) alteration (scratching) 
of the surface by direct contact 
with the tip; and (v) surface defor- 
mation by employing a high voltage 
and/or a high local current density. 
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Therefore. the STM can deposit, 
remove and arrange surface atoms. 
The greatest advantage of using 
the STM for nanofabrication is that 
imaging can be done in situ before 
and after the surface has been 
modified.This will provide immedi- 
ate feedback on the success or fail- 
ure of the experiment. 
The lithography approach ex- 
ploits the photoresist technology 
developed by the semiconductor 
industry. The e-beam of the STM 
can be used to expose resist mate- 
rials on top of a substrate. These 
materials undergo a chemical 
change during the electron bom- 
bardment because of bond break- 
ing or crosslinking. In positive 
resists, bond breaking occurs and 
results in greater solubility of the 
resist polymer by the developer. 
In negative resists, crosslinking 
occurs and results in decreased 
solubility. Feature sizes as small as 
10 nm have been produced in PM- 
MA resist using an STM. PMMA, 
which is positive in tone, is the 
most widely used high resolution 
resist in e-beam lithography. The 
use of an STM to expose CaF? re- 
sist has also been demonstrated. 
Linewidths down to 10-20 nm 
were obtainable.These structures, 
fabricated with an STM, are small- 
er than in conventional electron 
beam lithography.This is primarily 
due to its extremely small beam 
diameter (< 0.1 nm) and low ener- 
Figure 5. F//m of regularly arranged gold 
particles on IT0 g/ass. The average diame- 
ter of each particle is about 30 nm, the dis- 
tance between the particles is 
approximately 150 nm. (Courtesy of the 
lnsfrtute for Experimental Physics of the 
Karl-Franzens-University; Germany.) 
gy electrons (O-20 eV).At these en- 
ergies, substrate lattice damage 
and stray beam effects are not 
significant as they are with ener- 
getic electron or ion beams 
(l-100 keV). 
Etch processing 
The basic steps involved in wet 
chemical etching involve oxidation 
or reduction of the semiconductor 
surface and removal of a soluble re- 
action product. This type of etch- 
ing which employs hazardous 
reagents with toxic wastes may 
have a significant degree of 
anisotropy because of lateral etch- 
ing or undercutting the resist mate- 
rial.This limits the width of lines to 
about 2 mm. which makes it un- 
suitable for pattern transfer of 
small features. 
Complex geometries. essential 
to large scale integrated circuits. 
should be anisotropically etched 
using a dry process. Plasma etching 
has a number of variants. but the 
most popular is reactive ion etch- 
ing (RIE). Dry etching for Brie line 
geometries involves a glow dis- 
charge process between two elec- 
trodes in a partially evacuated 
chamber. Inert gas ions are generdt- 
ed and accelerated towards the 
wafers when there is a momentum 
transfer coupled with a low etch 
rate.A reactive gas plasma is intro- 
duced in order to aid the chemical 
reaction.The wafers are, therefore, 
subjected to ion bombardment as 
well as a constant flux of neutral 
gas atoms and molecules. RIE of- 
fers better resolution with in- 
creased control of profiles and 
dimensions when compared with 
wet etching. 
Outlook 
The formation of nanometre scale 
structures is of fundamental inter- 
est in the study of mesoscopic 
physics and also for the develop- 
ment of new devices that take ad- 
vantage of quantum size effects. A 
combination of epitaxial growth 
Figure 6. SEM view of the centre part of a 
zone lens; X-ray wavelength: 2.4 nm; /ens 
diameter: 45 mm. (Courtesy of C. David, 
University of Gottingen, Germany) 
and advanced lithographic and 
etching techniques are providing 
the tools to produce the extremely 
complex layer structures for these 
devices, which are likely to be cru- 
cial in the future of the electronics 
industry. 
Many researchers have been 
put off from becoming involved in 
this field because of the high cost 
of EBL equipment.This barrier can 
be overcome, however, through 
the conversion of an existing SEM 
into an e-beam writer at a very 
low cost. In addition, the next gen- 
eration SEW-based lithography sys- 
tem is now available at a fractional 
cost of an EBL system. The new 
system employs field emission 
technology and comprises a laser 
interferometer stage for 6-inch 
wafer handling and a sophisticat- 
ed multi-purpose software suite. I 
have recently seen this system in 
operation, and believe that it has 
been designed to meet the diverse 
needs for high resolution pattern- 
ing of both researchers in univer- 
sities and industry. I understand 
that the system has been econom- 
ically constructed in order to 
fit the achievable budget frame- 
works of research institutions, 
without compromising system 
performance. 
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